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TRAVEL, AND CYLINDER PRESSURE RISE

By Harvey A. Cook, Orville H. Helnicke
and William H. Haynie

SUMMARY

An investigetion was conductod on a full-scale air-cooled cyl- -
inder in order to esgtablish an effective means of malintaining maximum-
econonmy spaerk timing with varying engine operating conditions.
Variabls fuel-air ratio runs were conducted in which relations were
determined between the spark timing and the baslc factors in engine
operation, flame-front travel, and cylinder pressure rise.

Dgta obtalned in this Investigation showed that maximum-economy
spark timing occurred when the crank angle of maximum rate oX preasure
rise was 3° A.T.C. and that the crank angle of maximum rate of pres-
gure rise and the travel of the flams front were directly related.

For fuel-air ratios hetween 0.06 and 0,10 the highest rate of flame
travel occurred when the crank angle of maximum rate of pressure rise
was 3° A.T.C. The previously mentioned relatlons are significant in
fuel or engine investigations in which engine operating variables
affect the spark timing for maximum fuel economy.

An iInstrument for controlling spark timing was developed that
ausamatically maintained maximum-sconomy spark timing with varying
engine operating conditions. The instrument alsc indicated the
occurrence of preignition.

INTRODUCTION

The main factors that are considered in the selection of the
spark timing for an engine are fuel economy and knock-limited perform-
ance. The maximum fuel-sconomy spark timing becomes relativoly more
gignificant when the knock-limited performance of the fuel 1s
increased. Englines wilth a fixed spark timing are often operated
under conditions where a more advenced spark timing would give a
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considerable improvement In fuel economy. For thls reason means of
varylng the spark timing are sometimss uged but even then the selectlon
of the best spark timing with varying englne operating conditions 1s

a Jroplem.

In this investigation conducted at the NACA Cleveland laboratory,
relgtions between the spark timing and basic Ffactors in engine opera-
tion (flame-front travel and cylinder pressure rise) woro dcturmined
in order to esbablish an effective means of maintaining meximum-economy
spark timing with varying engline operating conditions.

The applicatlon of the findings in this investigatlon efford &
convenient means of automatically malnteining maximum-economy spark
timing with varying englne operating condifions. An automatic spark-
timing-congrol instrument is described in the appendix.

APPARATUS AND 'PROCEDURE

A full-scale alr-cooled cylinder was used in the CUE setup
described in reference 1. The crank angle of maximum rate of pres-
sure rige 6Oy was measured on a disgram of time and rate of pressure
change produced on an oscllliscope by the signal from a mogneto-
striction knock pickup in the cylinder head. Timing marke wers
produced on the cscllloscope by meana of electrical impulses goner-
ated in a palr of colls mounted on a carrlage near the flywheel.

The colls had a common megnetic cilrcult comprised of scoft iron corss,
a permanent masgnet, and an air gap. Steel lugs projecting from the
periphery of the flywheel passed through the alr gap. The currlago
for mounting the colls traveled on g segment of circular treock, which
was concentric with the flywheel. A pointer on the carrisge indicated
the ergular position of the colls relative to engine top dead center.
Moasurement of 6y consisted in moving the carriage until a timing
mark coinoided with the peak on the oscilliecope dlogrem, which indi-
cated the maximwm rate of pressure rise.

A spark-control instrument described 1in the avpendix was used.
The spark timing was manually controlled in runs whero 8y was held
constant. Autcmatlc control of spark timing was used in runs where
the crank angle of passgge of the flame front past an lonizatlon gop
wes held constant.

The lonlzatlon gap conslsted of a sparic plug that was modifled
by extending the electrodes to form a gap 0.025 inch wids about _
five-aighths inch inside the combustion chamber. Whern the lonization
gan was used, the knock pickup was removed from the cylinder heed ond
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the modifled spark plug was mounted in 1ts place. The hole for
nownting the knock plckiup and the ionizatlon gap was located in
front of the cylinder midway betwéen the front spark plug and the
intake valve. '

The ignition system for the engine -was so connscted that the
magnetos for the front and rear spark plugs operated on one sst of
primary-circult contact polnta. Therefore, the spark timing for
the front and rear spark plugs was the same.

A serles of varisble fuel-alr retio, constent air-flow runs
vaes conducted with the spark timing manually adjusted to maintain
9, comstant at 3° B.T.C., 3° 4.T.C., 11° A.T.C., and 15° A.T.C.

A esecond series of variable fuel-slr ratio, comnstant air-flow runs
was conducted with the spark-timing-control instrument set to
maintaln constvant the crank angle at which the flame front passed
the lonization gap. In the second series of runs, the instrument
was set to give the same spari timings at a fusl-alr ratio of 0.085
as were found in the first serles of runs.

RESULTS AND DISCUSSION

Data obtained with spark timing manually controlled to mainbtain
various crank angles of maximum rate of pressure rise are shown in

e 1{(a)}. Data obtalned with aubomatically controlled spark timing
to give constant crank angle of passage of the flame front by the
ionization gap are chown in figure 1(b). The curves of Ffigures 1l(a)
and 1(b) are the ssmes. The matching of the date obtained in the two
serles of runs shows that 6y 1s constant when the crank angle of
bassage of the flams front by the ionization gap is constant. This
regult shows that a dirsct relation exists between 64 and flame~
front travel.

The roletion of indicated specific fuel consumption to 6, for
varioue fuol-air ratios are shown in figure 2. (Data were extrapolated
to include a fuel-air ratio of 0.04.) Tinss of constant spark timing
are alvo shown. Obviously spark timing must be edvonced to achleve
the lcw Indicated specific fuel consumptions that asye possible with
very lesan mirtwres. The duta show that, for any fuel-air ratio,
maximw-econony sperk timing occurs when 6y 1is 3° A.T.C. Because
tbe spark-timing-control instrument can maintain 6, congtant at

© A.T.C., the instrument can be used to maintein sutomatically
maximum-economy spar¥k timing when engine opersting conditions are
varied. This automatic control of spark timing can be used to advan-
tage in conducting fuel or engine investigations.
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Two engine operaving variables that have a great effsct on sperk
timing for maximum fuel economy asre (1) the demree of dilution of the
inceming charge by residual gases and (2) the use of internal zpolenta

such as wator. These varisbles were not included in thls investigation;

hovever, data (reference 2) in which the relation of exhimust pressure
w0 inlet-alr pressure was varied and unpublished deta from investil-
cetions with various water-fuel ratics show that the relation off
maximum-economy spark timing to 6y of 3° A.T.C. is uneifected by
these two variasbles. Obther date (refcrence 2) shew thet engine sveed,”
compresaion ratio, and inlet-alr temperature do not affect tho
relaticon. Even when operating with only one sperk plug firing tne
same rclation exigted.

The percentage lincrease in-fuel cohsumphtion when using constant
snark timing or constant 6y compared to operatlion at umaximm~economy
spark timing (6p = 3° A.T.C.) are shown in figure 3. Constant spavi-
timing data show lerge variations in percentage increcse in Tuel
consumntion over the minimum obtainable at each fuel-glr ratio.
Operation ot constant 6p resulits in an almozt constant porcentege
increase. For sxample, during operation with a 6y of 11° A.T.0,,
the average percentage increase in fuel consumption was sbout 2 percent
(varies from 1.4 %o 2.4 percent) over the range of fuel-eir rotios.,

The spark-timing lines in flgure 2 ghow that the time interval
measured in degrees of crankshaft-rotation betweon the spurk timing
and 6y varied considerably. Thls variation in time (fig. 4)
indicates changes in rate of flame-front travel or rute of combustion
because there 1s a direct relation belweon 6y and flame-Iront
lecation. . :

For each fvel-ailr ratio a snurk timing exlsts that givea the
maximum rate of combustion as indicated by the minilmum time From
gpark timing to 6p. The coincidence of this spark timing for moximum

rate o7 combustion with the maximm-~economy sperk timing {0y = 3° A.T.C.

for most of the range of fuel-air ratics (0.06 to 0.10) is significant.
The combined effect of maximm rate of combustion and proper timing of
rrosgare rige appears to give maximum fuel economy. Theso rogults ave
conplatent with theory in that maximum power should result with con-
stant volume burning at top dead center.

The sdvence of the maximum-econcmy epark timinz for lean mizbures
(below 0.08) beyond the spark timing for minimum time from spark to
6y is probably dus te slow burning during initlal stages of combus-
vlon caused by the low degres of compression of the chargc.,
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APPLICATION (F RESULTS TO MULTICYLINDER-ENGINE OPERATION

The methods for aubomatically controlling the spark timing o

maintain constant 6, as described for a single-cylinder engine

cen be applicd to multicylinder engines. Maegnetostriction Imock
nickups in the cylindor heoads of o multl cylinder engino, for example,
cculd bo used nst only to indicate when knock occurs but also to
trigger an instrument for automatically controlling 6n. Then
maximm-oconomy sperk timing conld be automatically maintained whon
tho fuel-air raotic or other engine overating conditions are varied.
Tn eddition, tho semo instrumentation could actuate a warning signal
+to indicate tho occurrence of preignlition.

CONCLUSIONS

To following conclusions can be made from the oxperimental data
obtained cn o full-scels gir-cooled cylindor in the investigation of
the rolations beotween moximum-cconomy spark tlming, fla.me-front travol
and cylindcr pressurs risec. T

1. Maximem-sconomy spark timing occurred whon the crark anglc cf
maximm rato of prossure rise was 3° A.T.C.

2. Maximum rate of pressure risc and the travel of the flamo
front werc diroctly related.

5. For fuol-alr ratics betwoen 0.06 and 0.10, the highest rato
of flome travel occurred whon the crank angle of m&ximum rato of p*‘cs-
sure rise was 3° A.T.C.
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4. An instrument for. controlling spark timing was developed that
automatically maintalned maximum-economy spark timing with varying
engine operating condltions and indicated the occurrence of preignition.

Aircraft Engine Ressarch Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Novembsr 22, 1946.
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APPENDIX - DESCRIPTION OF SPARK-TIMING-CONTROL INSTRUMENT

The automatic spark-timing contrel (fig. 5) consists of two parts:
the control unit, which contains the trigger circult and amplifier,
and the servo unit, which containsz the magnsto-bresker plate driven by
a motor, a position transmitter, and limit switches.

Tie breaker plate is removed from the magneto and mounted on a
shaft, which 1s alined with the magneto camshaf't but 18 not coupled
to 1t. The shaft orn which the breaker plate is mcounted is driven by
e two-phase inductlion motor through a worm gear and wheel with a
reduction ratio of 100:1. The posltion transmitter is driven directly
from the motor shaft through a spur geayr with an over-all reduction
ratic of 8:1. An arm on the breaker-plate shaft actuates limit
swltclies at both extremes of travel of the breaker plate. The sexrvo
unit is bolted to the under side of the magneto mounting pad.

One phase of the motor is energlzed directly from a 110-volt
alternating-current line. The second phase isg energized by the output
of a standard commercial amplifier, which utilizes a vibrator to
convert & direct-current input signal to alternating current before
smplification. A selector switch defermines which of two available
signals (manual or autometic) is to be fed to the amplifier. Both
input signals are of the order of 10 millivolts direct current.

A fixed "bucking” voltage or the same order of magnitude, that is,

10 millivolts opposes the input signal. When the input signal equels
the bucking voltage, the emplifier output is zero; thersfore, the
motor is at rest and the system is at bhalance.

Manual control of spark timing is achieved by varying the
manually controlled battery voltage above or below ths bucking-voltage
level tntil the deslred spark timing is reached.

Auvtomatic control of spark timing is achieved by means of o
thyratron trigger circuit. The circult (fig. 6) consistas esgentially
of a vacuum tube (8J5, triocde) in series with a thyratron (884). The
thyratron is shunted with a 50,000-ohm resistor, which completes the
geries clircult through the trlode when the thyratron is extinguished.
In normal operation the thyratron is biased below its firing point,.
During the time of passage of the flame front, the lonization gap in
the combustion chamber breaks down and applies a positive Firing
voltage on the grid of the thyratron allowing the thyratron to conduct
current. An engine-driven switch set to close momentarily at aboutb
100° &.T.C. applies a nogative impulss to the grid of the triode
driving it to cut-off, which bresks the circult and extinguighes the
thyratron. The triode conducts current 4s soon gs the biassing sthch
ovens and the circuit returns to normal operation. .
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Successlve firing and extinguishing of. the thyratron produces a
squere-wave voltage of constant amplitude across a 10,000-ohm reasishor
.n the cathods circuit of the thyratron. The length of time during
whtich the thyratron conducts cwrrent depends upon the peolint at wilci
1% is flred by the ionizatlion gap; therefore, the width of the poeitilve
norsion of the cycle is a functlon of the position of the maximum rate
of pressure vlss. The dlrect curient that resulis from filtering the
direct-current square wave is the second of the two signals that nay
be fed intc the amplifiers.

The input polarity and the direction of rotation of the motor are
such that as the ionlzation gap tonds to break down sooner, the spark
i8 retarded until the point of maximum rate of pressure rise returns
to its originzl position and the system is rebalanced. Conversely, as
the gap tends to break down later, the spark is advanced until bulanca
1s restored.

Limit switchea so open the plate -clrcult of the proper power out-
put tube of the amplifler that motor travel in sither dlrection is
restricted but the motor can reverse and travel in the opposite
direction. These 1imit switches also control warnlng lights on the
ingtrument panel. The warning light, which shows that the sperk tindng
is fully retarded, can be used to indicats preignition of the engine.

The functloning of the instrument as a prelgnition indicator is
posslble because when preignition occurs the crank angleo of maximum
rate of preessure rise Oy is advanced considerably and theo spark
tining no longer controls the time of combusticn, The instrument for
controlling tho spark timing therefore acts to retard the spark and
nroceeds to the limit of itg travel. The reaching of this limit is
indicated by the warning signal (a light mnrked "preigniiion" on the
ingtmment, fig. 5).

Spark %iming is shown on the instrument panel by the position
indicator, which is electrically driven by the posltion tranamitier
gearsd to ‘the motor shaft.

Originally the thyratron was to be triggered by the output of
a magnetostriction-type knock pickup, however, this mothod was not
ugod because it nocessiiated use of an additional emplifler. If the
knock plckup wers used, the instriment would be dircotly conirolled
by the crank angle of maximum rate of pressurc rige.



FACA TN Ho. 1217 9

REFFRENCES

1. Ccok, Harvey A., Held, Louls F., and Pritchard, Ernest I.:
Comparison of Relative Sensitivitles of the Knock Limits of
Two Fuels to Six Engine Variables. NACA TN No. 117, 1946.

2. Cock, Hervey A., end Brightwell, Virginia L.: Relation between
Fusl Economy and Crank Angle for the Maximum Rate of Pressure
Rise. NACA MR No. ESE21, 1945, '



680

NACA TN No. 1217

m. v LR ARl Ty IZREE ANASI RAREE LEAL vrry L LR L TrrT Tiry Terr
s NAT IONAL ADVISORY
| COMMITTEE FOR AERONAUTICS 3
- EaTN
T 2 =
g F |
3 ®E E
i ’
140 F
120F
-7 - . :
E ]
& E 3
i E s
N E
s E _
& s ]
- o .
-t = -
o’ - -
: ]
E crank angle offmaxipum 3
3 o late ¢ présasurp risp, €p 3
[ b~ .
E o |2° sjT.C. 3
- o }3° ajrt.c. 3
© - ° l° alT.2 -
3 A 15° afT.c. \ E
E \. 3
s E 2
e t \’ E
5 wf 3
$ F N’ 3 o ;
3 20 ol \ A P Pk
] - \ M al~ 3
20 = P/ N A
< < L L]
F "1 - = 3
10 :.lll asaskaaaabaasalaas iyl ol d 2441t [YESI NN EEI SRS FNENE NENNI NN NI NEU Y] 1321 3080203032811 d
04 «06 08 «10 «08 08 «10 Jd2

(a) Spark timing manually controlled for
constant crank angle of maximum
of pressure rise @..

rate

12 . 04
Fuel-air ratio

({b) Spark timing automatically econtrolled
for eonstant crank anilo of passage
of flams front at ionization gap.

Figure 1. = Compariscn of engins performance with spark timing manually controlled to maintain
oonstant orank angle of maximum rate of pressure rise Os ‘and with sperk timing sutcmatically

controlled to maintain constant crank angle of passa
1(a) and (b) are the same.

(Faired curves in figs.
trol set to give same spark timing at fuel-air ratio of 0,085

sutomatic spark-timing oon

as was obtained in runs of fig. l{a).)

fns

f flame front at ionization gap,
of £ig. 1{b) were ocnducted with



isla, lb/hp=hr

U o BHO

,.
T

Iﬂa

b RS LAAE] hiAAd LABAE BAAAN LARAD BAALE SARAS RANEE SARAN LARAR LAAAE LESARS LEARE LA AN RANAS RALASR LER LLALAE RARA] RS BALRAS Il[llllll LEARA LARA"

L)
[ Spagk t 40 =-aip o
[ (de} B.T cl:f ¥ 35 30 [ a’o " h-ll 2
o ' , -
d ' 1 3
.ML .l f—] f 7 !  maanl ] -
- 1 ] 7 4 ) Fuelrair patiof =
! ) 1’ K / ===f=r—| Spark timgng p
[ L4 v 4 -
E ] il / 7 ’I E
.50k 1 | v 4 . -
[ { 1 .10 3
3 r ! ! l : | I | 3
- h !/ -
3 ~ " !/ ’ ___'L- ﬁé 3
- B 7 / . ) A 3
<56 = ] 7 7 7 T -
o 7 " I i ]
E | iN , ) K ;
3 I / ! / ] ]
- ! I 1 / | 09 3
62 4 N i M =
R ' ! " ’ ! 3
: Wy ] -
] N ™ L 4 ! . | T ! 3
. ! s " " — I T J
3 i ]! ! / { :
s . + ; - 1 .
- ] { | ! o
= I ] - I J— -
C | | 1 | — ]
uk h ~ 1 | i ) __P__.————"‘ l\ 7]
: T ; F ' \ ]
C ‘. \ \ \ ] \\_ ]
9 H 1 1) 4]

- \ \ .07 3

L \ \ A R oy
sof ‘ : \ . B 3
* - g —— -
. " _‘\_ S~ \ N\ o b _ 3
C B D e b h k‘!- -—"P'——"m 3

N N " bl - _—— P
o 5 ~ ~ A "\ \\_. ‘_'_4’"”:_—' —06 p
NS ~J g .| ] A=tk :
» -..-£-.:: - "--...-_ = - ] = ___ - = — ‘94|ﬂ .
C i st 2 M, DU TN e ST U B 1" r-q4--r—4-I-—+F+-—F-Ft-~E= b
= = = —t e e e Yoy ey gl A PN b
C ==3=s e s T NAT |ONAL ADVISORY 3
.02 FEFFTRA TN ANT A ATNYE SRS SERVA U RTA FAET FETY1 FETR fNUTY IT0T 1 I IENE FAYNE fNUUR IPRNR FNUTAIRRRB ERE NI _ngwlTTEE|':_(.)|R;E|E,EW.AH.|-?-SMF
8 4 0 & : § 12 . 16 99

B.7.C. Crank angle for maxinum rato of prossure rise, 0, dsg i.7.C.

" Figure 2. - Relation of indieated spoolfin fusl consumpilon to crank angle of oarimum rate of preasurs risze 8, for various fuel-zir ratiox
and sapark timings. TCron plot from fig. I.)

*ON.NL Y2¥N

LIZI

i

‘B4




680

S

NACA TN No. [217

Fig.

NATIONALEVISORY LERAS RAREE LEARAE RAREI R RE! LAALD RAAAN RAARSE BRI
COMMITTEE FOR AERONAUTICS

A RARRE

TTeY

3 F
3 ]
- -
E k
P k
E- — T :
" [~ 3
E T Ofank fngle|of mpximup rat

5’/ \\ il WY ;nnure ~L:o, 'D,. 3

E 189 A.T.E.
t ' s
2: L—T = nﬁ.?._. 3
f F 39 a.1.E. :
§ ok o TN E
2 "E (a) [oonstant T"nk angld of gaximim rafe of | prespure $ise,|@pn. 3
E F -
-l -
P =
1 o -
i ]
- .
& 3
s F .
- 3 . E
5 10F .
E 30 24 ]
3 e 3
IS \ E
er“ : - -
/ ‘\ \-// E
4 \ / \ P 3
L L X “ =
:\ V - 3
T /»/A >/ ' '
o \ P 3

N =

QM "l<‘ ﬁMuu L1k [AEnd EWEE] an

«04 05 08 07 08 09 «10 «11 Jd2

Fuel-alr ratlo
(b) Constant spark timing.

Figure 3. = Percentage increase In fuel consumption over that obtalned with maximum-soonomy

spark timing when fuel-alr ratio is varied with various apark ti s and crank
maximum rate of pressure rise G, Numerical valuss indicate spark timing, degrees
(Cross plot from fig. 2.)

leg of
«TeCo

3



680

NACA TN No.

1217

Fig.

eyt

LI |

IREERE GARE]

LRRRS BLE

LAl LML

TrIT

o NAT IONAL ADVISORY 3
T COMMITTEE FOR AERONAUTICS 3
- 3
3 3
E E
3 ]
C o
o .
E 3
" =
© - ~ o
o F 3
[ = E
e
o 3
n
® : ]
£ L ]
= -
o - -
] - -t
E 70 : Conskant arid tim 7]
« S o= olmam=] Max] um-egonony 8p k timing =
o - (8 3 T oC | 3
S F 1
5 ek N o
E f E
3 F N\ 3
IR :
s o F sl N\eo 3
« °F A\ :
é C \ 3
o n 35N n -
s Spark tlmi 3
'E sk 59 s ( R ]
¢k L 45 E
s --=£__,
- d -
-t - = -
- o -
= L :
e
o - .
=% - -
L] : -
I '
S 3
o 3
o - -
Lal - -
- 3
8 10
4 L
F: .
(43 - -
O"lllL Wl UNEe FEE R BT (SN (AESS AT INANEN NN AN NENEY &Y L1t USRI NN TE AN BN
.04 .05 .08 07 08 .09 «10 «11 12

Fuele=alr ratlo
Pigure 4. - Varlation in srank rotation between spark timing and time of maximum rate of pressure
rige ;li:gh g.l-;iz; ratio for constant spark timing and for maximum-sconomy spark timing.
plot m 8. 24

(Cross

4



=
L P A vl

Figure b, - spark-timing-control instrument.

680

NAGA
C-15354
7-9-46

*oN NL VOVN

Ltel

614

G




680

20-837

NACA TN No. 1217 Fig. 6

NI |
D
- 884 ) r’*ﬁ‘1ar
B LZ] S5
i |9f
I o ]

. ~ ..
N NG

NATIONAL ADV ISORY
CONMITTEE FOR AERONAUTICS

A Commerclial ampliifier with vibrator that converts direct-current input signal to
alternating current -
G lonization gap In combustion chamber
] Indlcator (position transmitter)
M Two-phase Induction motor desligned toc operate with commercial amplifier
O Terminals for oscilloscope (used for testing operation of instrument)
Switches .
Sy Power to transformer
$! Grid basis voltage for thyraton (884), second circult of double-pole switch
52 Power to ampliifier and motor
52' Bridge circulit, second circult of double-pole switch
Sz Power to indlcator and ST
55' Bridge circuit, second clircuit of double-pole switch
Ss Selector for automatic or manval! control of spark timing
Sg Engine~driven switch set tc close momentarily at approximately 100° A.T.C.
56 Limit switch for maximum spark advance R
57 Limit switch for minimum spark advance {indicates occurrence of preignition)

Figure 6. = Electrical circuit for spark~timing~control
instrument.



